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Abstract
Pseudomonas aeruginosa is a metabolically flexible member of the Gammaproteobacteria. Under anaer-
obic conditions and the presence of nitrate, P. aeruginosa can perform (complete) denitrification, a
respiratory process of dissimilatory nitrate reduction to nitrogen gas via nitrite (NO2), nitric oxide (NO)
and nitrous oxide (N2O). This study focuses on understanding the influence of environmental condi-
tions on bacterial denitrification performance, using a mathematical model of a metabolic network in P.
aeruginosa. To our knowledge, this is the first mathematical model of denitrification for this bacterium.
Analysis of the long-term behavior of the network under changing concentration levels of oxygen (O2),
nitrate (NO3), and phosphate (PO4) suggests that PO4 concentration strongly affects denitrification
performance. The model provides five predictions on denitrification activity of P. aeruginosa under vari-
ous environmental conditions, and these predictions are either experimentally validated or supported by
pertinent biological literature. One motivation for this study is to capture the effect of PO4 on a denitri-
fication metabolic network of P. aeruginosa in order to shed light on mechanisms for greenhouse gas N2O
accumulation during seasonal oxygen depletion in aquatic environments such as Lake Erie (Laurentian
Great Lakes, USA).
Introduction
Denitrification is a facultative anaerobic process in which nitrate is utilized as an alternative terminal
electron receptor and dissimilatory nitrate is reduced to nitrogen gas via nitrogen oxides [1–3].
NO3 −→ NO2 −→ NO −→ N2O −→ N2
Since denitrification is one of the few pathways for producing atmospheric N2, it is a major compo-
nent of the nitrogen cycle [4]. Denitrification occurs in several habitats such as soils, lakes, rivers and
oceans [5]. Nitrogen fluxes from marine systems to the atmosphere are between 25× 109 and 179× 109
kilograms per year via microbial denitrification [6]. Pseudomonas aeruginosa, a facultative ubiquitous,
and metabolically flexible member of the Gammaproteobacteria, can perform (complete) denitrification
under anaerobic conditions and the presence of nitrate. Complete denitrification consists of four sequential
steps to reduce nitrate (NO3) to dinitrogen (N2) via nitrite (NO2), nitric oxide (NO), and nitrous oxide
(N2O), and each step of the pathway is catalyzed by (denitrification) enzymes such as nitrate reductase
(nar), nitrite reductase (nir), nitric oxide reductase (nor), and nitrous oxide reductase (nos). The identifi-
cation and transcriptional control of denitrification genes encoding nar, nir, nor and nos has been largely
established. Transcription is dependent on a hierarchy of the FNR-like Crp family transcription factors
Anr and Dnr, the two-component system NarXL, and the CbbQ family protein NirQ [7, 8], summarized
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2in [4], allowing for experimental verification of N2O yield as environmental parameters change.
We have built a combined gene regulatory and metabolic network for the denitrification pathway in
Pseudomonas aeruginosa PAO1, a well-studied denitrifier strain (Figure 1). With this study, we hope to
shed light on the environmental factors contributing to greenhouse gas N2O accumulation, of particular
interest in Lake Erie (Laurentian Great Lakes, USA). Environments such as Lake Erie experience seasonal
periods of hypoxic conditions favorable for denitrification, and the endemic microbial community regulates
expression of alternative respiratory pathways to adapt to low oxygen tension. During hypoxia, the
denitrification rate in Lake Erie is about 150µmolN2m
−2h−1 [9]. In addition to oxygen, the intersections
of the nitrogen cycle with other geochemical cycles may be important factors influencing denitrification
and N sinks in aquatic systems. In particular, the increased availability of phosphorus has been shown
to dictate the rate of nitrogen removal in aquatic systems [10]. Indeed, the transcriptional regulatory
network developed for P. aeruginosa indicates that bioavailable phosphate (PO4) is an environmental
factor that should be considered.
We are interested in using the model to study the effect of PO4 on the denitrification performance of
P. aeruginosa under anaerobic conditions with high NO3. Although there are many studies on denitrifi-
cation, quantitative modeling attempts are not enough to cover the phenomenon as a whole in different
scales [2]. We here take a qualitative approach to model denitrification distinct from the other quan-
titative denitrification models attempted previously. A time- and state-discrete stochastic framework,
Stochastic Discrete Dynamical System (SDDS) [11], was utilized to model the denitrification network in
Pseudomonas aeruginosa due to the fact that an SDDS is a qualitative way to model stochasticity at the
biological function level and analyze cell population simulations.
Results
The denitrification network that we constructed (Figure 1) consists of molecules, proteins and genes all
of which can play an important role in denitrification process in Pseudomonas aeruginosa. The blue
circle nodes are molecules (O2, PO4, NO3, NO2, NO, N2O, N2), the yellow rectangle nodes are proteins
(PhoPQ, PmrA, Anr, Dnr, NarXL, NirQ) and the pink hexagon nodes are genes (nar, nir, nor, nos)
in the network. The regulatory edges between the nodes are either upregulation/activation (green solid
arrows) or downregulation/inhibition (red dashed arrows). For instance, the red dashed arrow from
PO4 to PmrA means that the availability of phosphate, PO4 downregulates PhoPQ. The green solid
arrow from Anr to NarXL and the green solid arrow from NO3 to the arrow between Anr and NarXL
indicate that Anr activates NarXL in the presence of NO3. In the same setting, PhoPQ inhibits the
expression of PmrA [12]. Low oxygen (O2) tension, which is the major initial signal to turn on the
denitrification pathway, can be sensed by Anr (anaerobic regulation of arginine deiminase and nitrate
reduction) [1]. Under anaerobic conditions, Anr primarily promotes Dnr (dissimilatory nitrate respiration
regulator) transcription [4]. The effect of Anr on Dnr can be reduced by PmrA, and can be amplified
by NarXL [8, 13]. The regulatory protein NirQ, which can be activated by NarXL or Dnr, regulates nir
and nor coordinately to keep the level of NO low because of toxicity of NO [4]. A NO3-responding
regulatory protein, NarXL, directly activates nar, and indirectly activates nir and nor via NirQ [4]. The
main regulator of the system, Dnr, controls the expression of all denitrification genes (nar, nir, nor, nos)
in the presence of NO [14]. Of particular note is the influence of the two-component system PhoPQ
on PmrA expression and, subsequently, Dnr expression [12], suggesting that phosphorus (P ) availability
influences denitrification gene expression (see Figure 1). This is particularly relevant, since linkages
between anaerobic Fe(III) reduction and phosphorus release adsorbed to FeOOH in sediments have been
recognized for many years [15,16], and recently documented in Lake Erie by stable isotope methods [17].
In the network, all external parameters (O2, PO4, NO3), and PhoPQ, PmrA, Anr and NarXL are
Boolean (0 = low, 1 = high), and other variables (Dnr, NirQ, nar, nir, nor, nos, NO2, NO, N2O, N2)
are ternary (0 = low, 1 = medium, 2 = high).
3The denitrification network is an open system; it exchanges molecules with the outside environment
and responds to external stimuli [18]. The molecule NO3 enters the bacterium and N2 exits the system
once the system is triggered by low O2. It is worth keeping in mind that open systems eventually reach a
(homeostatic) steady state and are in balance with their environment [18]. Table 1 indicates the steady
state of the network under some possible configuration of external parameters.
The model predicts the long-term behavior of the denitrification pathway under various environmental
conditions and these predictions are validated either by results in the literature or experimental results.
There are two conditions which we did not focus on. The low NO3 and PO4, and the low NO3 and
high PO4 conditions, while possible, are less likely in freshwaters based on a worldwide survey of lakes
revealing that N :P stoichiometric ratios average above the ideal Redfield ratio of 16 [19]. Besides, these
conditions would be less relevant to current conditions in Lake Erie, for example, as current measurements
of nitrate concentrations (averaging 14 µM) typically exceed the Km (Michaelis-Menten constant) for
nitrate-dependent denitrification in Pseudomonas spp. (for more information, see [20, 21]). However, a
high P , high NO3 condition can arise in lakes affected by agricultural nutrient inputs and deposition of
P in sediments.
• Prediction 1: If the concentration levels of O2 and PO4 are low, and NO3 is high, then it is a
perfect condition for complete denitrification to N2. The model suggests that all variables in the
network except PmrA are expected to be high and reduction of NO3 to N2 (see Figure 2 and 3).
This prediction is validated by the following studies [4, 8, 13]. In this condition, Anr senses low O2
and activates NarXL in the presence of NO3 [4]. Since the effect of Anr on Dnr is amplified by
NarXL but is not reduced by PmrA under low PO4 conditions, Dnr is highly expressed [8,13]. The
main regulator of the system, Dnr, promotes activation of all denitrification genes (nar, nir, nor,
nos), so NO3 is reduced to N2 via NO2, NO and N2O [4].
• Prediction 2: If the concentration level of O2 is low, and PO4 and NO3 are high, then the model
suggests that all variables except PhoPQ are medium or high. Thus, lower complete denitrification
activity to N2 is expected because the nar, nir and nor levels are high whereas the nos level is
intermediate. This can cause lower rates of reduction of N2O to N2 i.e. higher rates of accumulation
of N2O (see Figure 4 and 5). These predictions are validated by the following studies [8, 13] and
experimentation. In this condition, Dnr level is intermediate and induces the expression of denitrifi-
cation genes (nar, nir, nor, nos) due to the fact that the effect of Anr on Dnr is amplified by NarXL
and is reduced by PmrA [8,13]. Besides, our experimental results in Table 3 show a modest increase
in N2O production with a high PO4 level. There is about 2-fold increase in N2O concentration
in comparison of the P. aeruginosa culture with 1.0mM PO4 to the P. aeruginosa culture with
7.5mM PO4. This is an example of how PO4 can influence the expression of denitrification gene,
nos, distant from PO4 acquisition and greenhouse gas NO2 accumulation.
• Prediction 3: If the concentration level of O2 is high, then, the model suggests that there is no
denitrification activity regardless of the values of the other external parameters (PO4 or NO3). The
variables in the system are expected to be low, and no nitrogen oxides are expected to be reduced.
Figure 6 is an illustration of how high oxygen levels can decrease the levels of active denitrification
genes under high O2 and NO3, and low PO4 conditions. This prediction is validated by the following
study [1]. Under aerobic conditions, Pseudomonas aeruginosa cannot perform denitrification since
Dnr, the main regulator of the system, cannot be activated by Anr in the presence of oxygen [1].
Biological interpretations of the long-term behavior of the model under various environmental condi-
tions can be found in Table 2. Based on the analysis above, the Pseudomonas network model predicts
that elevated P , hypothesized to increase under hypoxia, acts to modulate the transcriptional network to
limit nos gene expression. Thus, the physiological output under this condition will be an increased yield
4of N2O relative to N2. Given the prediction that increased P will influence the N2O yield, our exper-
imental results thus far indicate that P availability modestly increases N2O yield in this model species
(Table 3). While other studies have suggested linkages between N2O accumulation and factors such as
nosZ vs. nirS/K abundance [22, 23], nirS (heme dependent nitrite reductase) genetic diversity [24], or
soil pH [25], the data presented here are the first to suggest a role for P in regulating the denitrification
pathway. Given the elevated P release from FeOOH complexes following sedimentary anaerobic Fe(III)
reduction [15,16], hypoxia may yield a high P, high NO3 condition that enhances N2O production.
Discussion
In an aquatic system, oxygen dissolves in water to be available to living aerobic organisms. Hypoxia is the
phenomenon of dissolved oxygen below 4mg O2 per liter. Common reasons for hypoxia include aerobic
respiration of decaying algal biomass from bloom events. Such blooms are fueled by increased availability
of N and P due to anthropogenic inputs such as agricultural runoff and industrial pollutants [26]. The
linkage between high nutrient (N ,P ) loads and N losses (N2 and N2O) through dissimilatory anaerobic
processes was described recently [10]. Hypoxic (low-oxygen) areas, so-called dead zones, often occur
in several large bodies of water affected by human activity, including Lake Erie, which is of particular
interest. To establish a better understanding of the nutrient cycling of Lake Erie has quite wide ranging
socioeconomic impacts on its recreational area and economy, primarily fisheries. Through denitrification,
dead zones lead to microbial production of the greenhouse gas nitrous oxide (N2O), which plays a crucial
role in ozone layer depletion and climate change. Simulating the microbial production of greenhouse
gases in anaerobic aquatic systems such as Lake Erie allows a deeper understanding of the contributing
environmental effects that will inform studies on, and remediation strategies for, other hypoxic sites
worldwide.
The bacterium Pseudomonas aeruginosa is an example of a microbe that is abundant in aquatic
systems [27]. This study describes a computational model of a denitrification network of this bacterium
to capture the effect of PO4 on its denitrification performance in order to shed light on greenhouse gas
N2O accumulation during oxygen depletion. To our knowledge, this is the first computational model of
denitrification for this bacterium. The model was constructed based on the pertinent biological literature
and validated by either experiments or the information available in the literature. The new biology our
model suggests is that P availability strongly affects the denitrification activity of the bacterium under
anaerobic conditions and the presence of nitrate; high P can cause less N2O reduction to N2 during
denitrification.
Current efforts will be expanded to determine how PO4 affects greenhouse gas N2O accumulation
during denitrification in P. aeruginosa. According to the model, the activation of Dnr by Anr or the
activation of nos in the presence of NO by Dnr can be prevented by high PO4. These hypotheses will be
tested utilizing quantitative reverse transcriptase PCR (qRT-PCR) to determine Dnr, norB (nitric oxide
reductase large subunit gene) and nosZ (encoding nitrous oxide reductase) transcript levels in denitrifying
cultures grown in increasing P . The model described here works well for cultured Pseudomonas, and
the next step is to test natural complex microbial communities from different denitrification sites. The
effects of P on N2O production will be tested in mesocosms of hypoxic Lake Erie water samples to see
if the model described here predicts the community as a whole. By testing the model on environmental
samples in mesocosms from Lake Erie and elsewhere, the study can likely be applied broadly to marine
dead zones such as those that routinely occur in the Gulf of Mexico.
5Materials and Methods
Computational Methods
For the computational study, we used Stochastic Discrete Dynamical System (SDDS), which is a state and
time discrete dynamical system that models stochasticity at the update function level [11]. This stochastic
framework allows us to obtain cell population simulations, which is not possible with a deterministic
framework.
Definition 1. Let x1, x2, . . . , xn be variables which can take values in finite sets X1, X2, . . . , Xn respec-
tively. Let X = X1 × · · · ×Xn be the Cartesian product. For each i = 1, 2, . . . , n, we define fi : X −→ Xi
which is an update function that describes the regulation of xi through interaction with other variables in
the system. A stochastic discrete dynamical system is a collection of n triplets
{fi, p↑i , p↓i }ni=1
where p↑i is the activation propensity and p
↓
i is the degradation propensity of the i-th variable with p
↑
i , p
↓
i ∈
[0, 1] for all i ∈ {1, 2, . . . , n}.
The activation propensity (p↑i ) indicates how likely the value of xi will be increased based on its update
function whereas the degradation propensity (p↓i ) indicates how likely the value of xi will be decreased
based on its update function.
We conducted a sensitivity analysis on the propensity parameters of each variable by varying the
propensity parameters ranging from 0.1 to 0.9. Although we observe time scale changes, the model
suggests the same predictions independent of the values the propensity parameters. For instance, Figure
7 and 2 are obtained by means of different activation propensities of Dnr (0.5 and 0.1 respectively)
under low oxygen and phosphate, and high nitrate. Similarly, Figure 6 and 8 are obtained by means of
different degradation propensities of Dnr (0.5 and 0.9 respectively) under high oxygen and nitrate, and
low phosphate. Since the long-term behavior of this model does not depend upon these activation and
degradation propensities, we set all propensity parameters to be 0.5, i.e. each variable has a 50% chance
to be updated.
In the model, all external parameters (O2, PO4, NO3), PhoPQ, PmrA, Anr and NarXL are Boolean
(0 = low, 1 = high), and other variables are ternary (0 = low, 1 = medium, 2 = high). There are 14
variables, which are labeled as follows:
x1 = PhoPQ
x2 = PmrA
x3 = Anr
x4 = NarXL
x5 = Dnr
x6 = NirQ
x7 = nar
x8 = nir
x9 = nor
x10 = nos
x11 = NO2
x12 = NO
x13 = N2O
x14 = N2
6The following are the rules of each network variable at the next time step based on our biological
understanding.
f1 = NOT (PO4)
f2 = NOT (PhoPQ)
f3 = NOT (O2)
f4 = MIN(Anr,NO3)
∗f5 = MAX(Anr,MIN(NarXL,NOT (PmrA)))
∗f6 = MAX(NarXL,Dnr)
∗f7 = MIN(NarXL,MIN(Dnr,NO))
f8 = MAX(NirQ,MIN(Dnr,NO))
f9 = MAX(NirQ,MIN(Dnr,NO))
f10 = MIN(Dnr,NO)
∗f11 = MIN(NO3, nar)
f12 = MIN(NO2, nir)
f13 = MIN(NO,nor)
f14 = MIN(N2O,nos)
For instance, the (update) rule of PhoPQ, f1, can be defined as not (or opposite) of PO4 since PO4
downregulates PhoPQ. Activation of NarXL by Anr in the presence of NO3 means both Anr and NO3
are needed for NarXL regulation. Thus, the (update) rule of NarXL, f4, can be defined as minimum of
Anr and NO3. The (update) rule of nir, f8, can be defined as maximum of NirQ and MIN(Dnr, NO)
due to the fact that nir is activated by NirQ or Dnr in the presence of NO. Regulation of all variables
in the denitrification network can be revised in Results section and Figure 1. The rules with an asterix
(*), which are update rules for Dnr, NirQ, nar and NO2, are slightly different from how it is defined as
above when their transition tables were created. The transition tables of these variables can be found in
Table S1, Table S2, Table S3 and Table S4 respectively.
With help on the rules above, for each network variable, we constructed a transition table, which
describes how the variable responds to the different state configurations of the variables regulating it. An
example is given in Table 4, which is a transition table of nos.
An update function for a variable xi can be obtained by interpolating its transition table using the
polynomial form:
fi(x) =
∑
(ci1 ,...,cir )∈Fr
fi(ci1 , . . . , cir )
∏
j∈{i1,...,ir}
(1− (xj − cj)p−1) (mod p) (1)
where x is a vector, (xi1 , . . . , xir ); ci1 , . . . , cir are the values of the variables xi1 , . . . , xir , which affect the
update of xi in the transition table of xi; fi(ci1 , . . . , cir ) is the value in the last column of the transition
table of xi; F = Fp = {0, 1, . . . , p − 1}, and p is the maximum (prime) number of the different discrete
values that all variables can take on [28].
For instance, in order to obtain an update function for nos using its transition table (Table 4) , we
can use Equation 1 where p is 3:
f10(x5, x12, x10) =
∑
(c5,c12,c10)∈F2
f10(c5, c12, c10)
∏
j∈{5,12,10}
(1− (xj − cj)3−1) (mod 3)
= −x25 ∗ x212 ∗ x210 − x25 ∗ x212 ∗ x10 − x25 ∗ x12 ∗ x210 − x5 ∗ x212 ∗ x102 + x25 ∗ x212 +
x5 ∗ x12 ∗ x210 − x210 + x10 (mod 3)
7A literature-based transition table of each variable in the network (Figure 1) was constructed and
then converted to a (polynomial) update function using Equation 1. See Text S1 for all update functions.
Model construction and analysis were using the Perl code of SDDS, which can be found in Text S2. The
files for propensities, which is necessary for SDDS simulations, can be found in Text S3, Text S4 and
Text S5.
Experimental Methods
Pseudomonas aeruginosa PAO1 cultures were grown in stoppered 20 mL serum vials containing glucose
minimal medium [29] supplemented with 110 mM glucose and 16 mM nitrate. Phosphate concentration
varied from 1.0 to 7.5 mM, and triplicate culture vials were sampled for headspace gases at 24 and 72 h
post-inoculation. Gases were dispensed into evacuated exetainers and assayed for nitrous oxide by gas
chromatography. Gas production was normalized to cell counts obtained by flow cytometry of culture
fluids.
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Figure Legends
Figure 1. Denitrification regulatory network of P. aeruginosa. Green solid arrows indicate
upregulation and red dashed arrows indicate downregulation. Model components are PhoPQ, PmrA,
Anr, NarXL, Dnr, NirQ, nar, nir, nor, nos, NO2, NO, N2O, and N2. Our interest lies in perturbation
of the external parameters (O2, PO4, NO3) and their effect on the long-term behavior of the network.
Tables
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Figure 2. Cell population dynamics of P. aeruginosa under low O2 and PO4, and high
NO3. The initial state is (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0); low oxygen in the environment is not yet
sensed. With 100 simulations and 30 time steps, the long-term behaviors of Dnr, nar, nir, nor, and nos
are shown under the perfect condition for denitrification. Dnr is highly expressed, so are the
denitrification genes (nar, nir, nor, nos). Therefore, the bacterium performs (complete) denitrification.
Table 1. Steady states of the system under different environmental conditions
O2-PO4-NO3 PhoPQ PmrA Anr NarXL Dnr NirQ nar nir/nor nos NO2/NO/N2O N2
0 - 0 - 1 1 0 1 1 2 2 2 2 2 2 2
0 - 1 - 1 0 1 1 1 1 2 2 2 1 2 1
1 - 0 - 0 1 0 0 0 0 0 0 0 0 0 0
1 - 0 - 1 1 0 0 0 0 0 0 0 0 0 0
1 - 1 - 0 0 1 0 0 0 0 0 0 0 0 0
1 - 1 - 1 0 1 0 0 0 0 0 0 0 0 0
Table 2. Biological interpretation of the steady states of the system under different
environmental conditions
O2 PO4 NO3 BIOLOGICAL INTERPRETATION
low low high high denitrification performance
low high high low denitrification performance
high low/high low/high no denitrification
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Figure 3. Cell population dynamics of P. aeruginosa under low O2 and PO4, and high
NO3. The initial state is (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0); low oxygen in the environment is not yet
sensed. With 100 simulations and 30 time steps, the long-term behaviors of NO2, NO, N2O and N2 are
shown under the perfect condition for denitrification.
Table 3. Nitrous oxide concentration in P. aeruginosa cultures grown in glucose minimal
medium at varying phosphate concentrations, normalized to 108 cells
Culture (mM PO4) [N2O] ppm, 24 h [N2O] ppm, 72 h
1.0 mM 760.3 +/- 109.3 813.8 +/- 52.1
3.0 mM 856.0 +/- 121.5 872.3 +/- 63.3
7.5 mM 1484.0 +/- 146.2 1786 +/- 98.0
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Figure 4. Cell population dynamics of P. aeruginosa under low O2, and high PO4 and
NO3. The initial state is (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0); low oxygen in the environment is not yet
sensed. With 100 simulations and 30 time steps, the predicted long-term behaviors of Dnr, nar, nir,
nor, and nos are shown. The bacterium performs denitrification, however, the last step of
denitrification (reduction of N2O to N2) can not be processed to a full extent because the expression of
Dnr and nos is medium relative to the low O2 and PO4, and high NO3 conditions in Figure 2 .
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Figure 5. Cell population dynamics of P. aeruginosa under low O2, and high PO4 and
NO3. The initial state is (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0); low oxygen in the environment is not yet
sensed. With 100 simulations and 30 time steps, the long-term behaviors of NO2, NO, N2O and N2 are
shown. The bacterium performs denitrification, however, the last step of denitrification (reduction of
N2O to N2) can not be processed to a full extent due to high N2O and medium N2.
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Figure 6. Cell population dynamics of P. aeruginosa under high O2 and NO3, and low
PO4. The initial state is (1, 0, 1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2); the bacterium performs complete
denitrification. With 100 simulations and 30 time steps, the long-term behaviors of Dnr, nar, nir, nor,
and nos are shown. Note that the denitrification genes are getting low once high oxygen in the
environment is sensed.
Figure 7. Cell population dynamics of P. aeruginosa under low O2 and PO4, and high
NO3. The initial state is (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0); low oxygen in the environment is not yet
sensed. With 100 simulations, 30 time steps and p↑5 = 0.1, the long-term behaviors of Dnr, nar, nir, nor,
and nos are shown. Note that p↑5 = 0.1 means Dnr has a 10% chance to be upregulated.
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Figure 8. Cell population dynamics of P. aeruginosa under high O2 and NO3, and low
PO4. The initial state is (1, 0, 1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2); the bacterium performs complete
denitrification. With 100 simulations, 30 time steps and p↓5 = 0.9, the long-term behaviors of Dnr, nar,
nir, nor, and nos are shown. Note that p↓5 = 0.9 means Dnr has 90% chance to be downregulated.
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Table 4. Transition table of nos. Dnr, nos and NO are the variables that can affect the
update of nos at the next time step. The first three columns are all possible
configurations of Dnr, nos and NO, and the last column, nos(t+1) is the resulting state of
nos at the next time step. The table indicates that nos can be upregulated by active Dnr
in the presence of NO.
Dnr(t) NO(t) nos(t) nos(t+ 1)
x5(t) x12(t) x10(t) x10(t+ 1)
0 0 0 0
0 0 1 0
0 0 2 1
0 1 0 0
0 1 1 0
0 1 2 1
0 2 0 0
0 2 1 0
0 2 2 1
1 0 0 0
1 0 1 0
1 0 2 1
1 1 0 1
1 1 1 1
1 1 2 1
1 2 0 1
1 2 1 1
1 2 2 1
2 0 0 0
2 0 1 0
2 0 2 1
2 1 0 1
2 1 1 1
2 1 2 1
2 2 0 1
2 2 1 2
2 2 2 2
